Pneumonia caused by Acinetobacter baumannii has become a serious threat to the elderly. However, there are no experimental studies on the relevance between aging and A. baumannii infections. Here, we established an aged pneumonia mouse model by non-invasive intratracheal inoculation with A. baumannii. Higher mortality was observed in aged mice along with increased bacterial burdens and more severe lung injury. Increased inflammatory cell infiltration and enhanced pro-inflammatory cytokines at 24 hours post infection were detected in aged mice than those in young mice. Moreover, infected aged mice had lower myeloperoxidase levels in lungs and less reactive oxygen species-positive neutrophils in bronchoalveolar lavage fluid compared with infected young mice. Reduced efficacy of imipenem/cilastatin against A. baumannii was detected in aged mice. Vaccination of formalin-fixed A. baumannii provided 100% protection in young mice, whereas the efficacy of vaccine was completely diminished in aged mice. In conclusion, aging increased susceptibility to A. baumannii infection and impaired efficacies of antibiotics and vaccine. The aged mice model of A. baumannii pneumonia is a suitable model to study the effects of aging on A. baumannii infection and assess the efficacies of antibiotics and vaccines against A. baumannii for the elderly.
INTRODUCTION
Acinetobacter baumannii has emerged as an important pathogen of both community-associated and nosocomial infections worldwide. This bacterium can cause many types of infections, including pneumonia, bacteremia, meningitis, urinary tract infection, and wound infection. Among these diseases, the most common is pneumonia [1, 2] . A. baumannii infections have become increasingly difficult to treat because most isolates are highly resistant to a wide range of antibiotics, displaying multidrug-resistant (MDR) or extensively drug-resistant. A retrospective cohort study including 175 hospitals in U.S. showed the prevalence of MDRstrains among patients with A. baumannii infection is > 80 % [3] . In 2017, WHO published its first ever list of 12 families of antibiotic-resistant "priority pathogens" to help in prioritizing the research and development of new and effective antibiotic treatments. Carbapenemresistant A. baumannii has been listed as top one of the most critical resistant bacteria which are in an urgent need for the new treatment [4] . Patients infected with MDR A. baumannii have significantly prolonged hospital stays than those infected with drug-sensitive strains. What's more, infections caused by MDR A. baumannii are associated with a tendency to higher mortality rates [5] [6] [7] .
Clinical data indicate that aging is a risk factor for A. baumannii infection [8] . A 6-year period study on A. baumannii infection showed that 68% of the patients are aged over 60 years [9] . Another research showed aging is significantly associated with in-hospital mortality in A. baumannii infection [10] . More importantly, the Aging exacerbates mortality of Acinetobacter baumannii pneumonia and reduces the efficacies of antibiotics and vaccine AGING elderly have worse outcomes than the young after A. baumannii infection [11, 12] . But there is no experimental data supporting these observations due to the lack of aged mouse model of A. baumannii infection.
The world population is rapidly aging and 1/3 deaths in the elderly are due to infection [13] , so preventing A. baumannii infection in the elderly would be an important public health issue. Aged people have dysregulated adaptive and innate immune systems [14] [15] [16] , which might influence the prevention and treatment of A. baumannii infection. Studies from influenza vaccine or herpes zoster vaccine showed protection induced by immunizations is reduced in the elderly compared with the adults [17, 18] . It has been shown that Clostridium difficile-infected aged mice treated with vancomycin are more susceptible to relapse than young mice [19] , indicating the different response to antibiotics in aged mice. Currently, most of the drug and vaccine evaluations were performed in young or adult mice and population, which might be not suitable to be transferred to the clinical use for the elderly. Therefore, developing antibiotics or vaccines against A. baumannii should consider the effect of aging and the efficacies should be evaluated in aged models in preclinical research to make sure they also work for the elderly. But there is a lack of an aged A. baumanniiinfected animal model to perform such studies.
In this study, we built an aged mice model with respiratory infection of A. baumannii and compared the outcomes and host response between aged and young mice. We further tested the efficacies of antibiotics and vaccine in aged mice and tried to figure out whether aging affects their efficacies.
RESULTS

Enhanced mortality in aged mice after respiratory
A. baumannii infection
To determine whether susceptibility to A. baumannii infection was increased with advanced age, young and aged mice were infected by non-invasive intratracheal inoculation of LAC-4 (5×10 6 CFU). Survival rate and clinical score of mice were monitored for 7 days. After infection, the clinical signs of aged mice were more severe than those of young mice ( Figure 1A ). All aged mice appeared very sick, moved slowly, and hunched at 24 hours post infection (hpi). Mortality of aged mice was 100% within 48 hours after LAC-4 infection, whereas 60% of young mice survived ( Figure 1B) . The results indicate aged mice are more susceptible to respiratory A. baumannii infection than young mice.
Increased bacterial burdens and lung injury in aged mice
Next, bacterial burdens in the lung, blood, and spleen at 24 hpi were evaluated. Aged mice had more than 10-fold higher bacterial burdens in lungs compared with young mice. More importantly, aged mice had remarkably increased bacterial burdens in blood and spleen compared with young mice, showing higher level of extrapulmonary dissemination of bacteria after infection ( Figure 2A ).
We next evaluated lung injury after LAC-4 infection by histological analysis. As shown in Figure. 2B, the lung histology of aged mice was comparable to that of young mice before infection (0 h). Whereas, histopathological changes of lungs in aged mice were more severe than days. Clinical score is expressed as means ± SEM. The data represent one of 2 independent experiments. Survival curves were compared using log-rank test. Statistical significance of clinical score was determined by Student's t test. **, P < 0.01.
AGING
those in young mice at 24 hpi. Lungs of young mice showed limited tissue destruction with mild infiltration of perivascular and interstitial inflammatory cells. In contrast, lungs of aged mice appeared more severe and extended lesions with extensive accumulation of inflammatory cells ( Figure 2B ). Serum albumin in bronchoalveolar lavage fluid (BALF) is an indicator for assessing the epithelial barrier permeability of lung. Aged mice exhibited higher levels of serum albumin in BALF at 24 hpi than young mice ( Figure 2C ), indicating that the epithelial barrier of aged mice was destroyed more severely than that of young mice after infection. These results suggest A. baumannii infection causes more severe lung damage in aged mice.
Elevated inflammatory cytokine responses in aged mice after A. baumannii infection
Next, we evaluated inflammatory cytokine levels in response to A. baumannii infection in aged and young 
AGING
mice. The basal levels of TNF-α, IL-1β, and IL-6 in BALF and serum were comparable between aged and young mice. At 24 hpi, TNF-α and IL-6 levels in serum and BALF from aged mice were significantly higher than those from young mice. However, there was no significant difference of IL-1β levels in BALF and serum between infected young and aged mice ( Figure  3A and B). In addition, TNF-α and IL-6 mRNA expression in the lungs from infected aged mice were significantly higher than those from infected young mice, whereas mRNA expression of IL-1β exhibited similar fold change in infected young and aged groups ( Figure 3C ). The data suggest aging results in a markedly local and systemic inflammation characterized by enhanced TNF-α and IL-6 expression.
Increased inflammatory cell infiltration in BALF in aged mice after infection
In BALF, there was no obvious difference in the total cell numbers between uninfected young and aged mice (0 h). The main cells were macrophages before infection ( Figure 4C ), whereas the neutrophils and monocytes were barely detected ( Figure 4B and D). At 24 hpi, the total cell numbers increased in both young and aged mice compared to uninfected mice and aged mice had significantly higher total cell numbers than young mice ( Figure 4A ). At 24 hpi, neutrophils were the dominant cells in BALF and the numbers of neutrophils in aged mice were approximately 1.5-fold higher than those in young mice ( Figure 4D ). Taken were measured by real-time PCR. Data are presented as mean ± SEM of four or five mice per condition and represent one of 2 independent experiments. Statistical analyses were performed by Student's t test. *, P < 0.05, **, P < 0.01.
AGING
together, aged mice have enhanced inflammatory cell infiltration after respiratory A. baumannii infection.
Enhanced chemokine production in aged mice in response to A. baumannii infection
To determine whether increased inflammatory cell infiltration in aged mice is associated with increased chemokine expression, mRNA levels of chemokine in lungs were detected by real-time PCR. The results showed there is no difference of chemokine mRNA expression between uninfected young and aged mice. At 24 hpi, higher mRNA expression of CXCL1, CCL2, and CCL7 in lungs were detected in aged mice than those in young mice ( Figure 5 ). There was no obvious difference in mRNA levels of CXCL2 and CXCL5 between infected young and aged mice. The results suggest increased inflammatory cells are associated with increased levels of CXCL1, CCL2, and CCL7 expression.
Decreased bactericidal ability of inflammatory cells in aged mice
Usually, inflammatory cells are regarded as the first line of host defense against infection. Our data showed aged mice have stronger inflammatory response to A. baumannii infection. But aged mice still had higher bacterial burdens than young mice. Thus, we assumed that the bactericidal abilities of inflammatory cells in aged mice might be impaired. We detected myeloperoxidase (MPO) levels in lungs and reactive oxygen species (ROS) activity of the neutrophils. The results showed basal MPO levels in lung homogenates are similar between uninfected young and aged mice. But MPO levels at 24 hpi were significantly lower in aged mice than in young mice ( Figure 6A ). In addition, ROS-positive neutrophils in BLAF of aged mice were significantly lower than that in young mice after infection ( Figure 6B ). These results indicate the bactericidal activity of inflammatory cells is reduced with aging, which might be responsible for the enhanced susceptibility to A. baumannii infection.
Decreased efficacy of antibiotic therapy against A. baumannii in aged mice model
Next, we tried to evaluate whether aging affects the efficacy of antibiotics against A. baumannii infection. Young and aged mice were intratracheally inoculated with lethal dose of LAC-4 (1.5×10 7 CFU). At 3 hpi, mice were treated with imipenem/cilastatin or saline AGING twice a day. All young and age mice treated with saline developed severe clinical signs and died 100% within 48 hours. Whereas, young mice treated with antibiotics developed mild clinical signs and 100% survived the infection. In contrast, aged mice after antibiotic treatment showed more severe clinical signs than treated young mice ( Figure 7A ). Only 40% of aged mice treated with antibiotics survived ( Figure 7B ). In conclusion, these data suggest aging reduces the efficacy of antibiotics against A. baumannii. Clinical score is expressed as means ± SEM. The data represent one of 2 independent experiments. Survival curves were compared using log-rank test. Statistical significance of clinical score was determined by Student's t test. *, P < 0.05, **, P < 0.01 antibiotic-treated aged mice versus antibiotic-treated young mice. expressed as means ± SEM. The data represent one of 2 independent experiments. Survival curves were compared using log-rank test. Statistical significance of clinical score was determined by Student's t test. **, P < 0.01 immunized aged mice versus immunized young mice.
Reduced protection of vaccination against
AGING significantly reduces the protection induced by vaccination.
DISCUSSION
Aging is known to increase the risk of infections due to immune dysregulations in the elderly [13] , but the effect of aging on A. baumannii infection is still unknown.
Here, we developed a mouse model of respiratory A. baumannii infection in aged mice. The results show that aged mice are more susceptible to A. baumannii infection, since aged mice had higher mortality, increased bacterial burdens, and more severe lung injury than young mice after intratracheal infection of A. baumannii.
Histopathology of lung and inflammatory cell detection in BALF showed excessive inflammatory cells infiltrating in aged mice, including macrophages and neutrophils. To account for the heightened inflammatory cell infiltration, we detected the levels of some chemokines. CXCL1, CCL2, and CCL7 in the lungs were significantly increased in aged mice after infection. CXCL1 acts on receptor CXCR2 and mediates neutrophil migration to sites of inflammation [20] . CCL2 and CCL7 exhibit chemotactic activity for monocytes and regulate macrophage function through receptor CCR2 [21, 22] . Therefore, the enhanced inflammatory cell infiltration is consistent with the increased levels of CXCL1, CCL2, and CCL7. Inflammatory cells including neutrophils and macrophages are first line to combat A. baumannii infection [23] . However, clearance of bacteria was not increased with enhanced inflammatory cell infiltration in aged mice. Therefore, we assumed that the bactericidal activity of inflammatory cells might be impaired with aging, since it has been reported that inflammatory cells including neutrophils and macrophages from aged mice have a compromised bactericidal potential [24] . MPO is a major enzyme which is present at high levels in neutrophils, monocytes, and macrophages. With H 2 O 2 , MPO generates a wide array of reactive intermediates to kill the invading bacteria, which is important for host defense [25] . The oxidative burst also plays an essential role in the rapid killing of ingested A. baumannii by neutrophils [26] . Our study showed MPO levels in the lung and the percentage of ROS-positive neutrophils in A. baumannii-infected aged mice were significantly reduced compared with those in infected young mice. These results indicate the bactericidal function of inflammatory cells is impaired with aging. This could explain why increased inflammatory cell infiltration was detected in the lung, whereas bacteria were not controlled in aged mice after infection. On the other hand, local infiltration of neutrophils and macrophages plays a critical role in the development of pathology [27, 28] . The high levels of pro-inflammatory cytokines produced by these cells could exacerbate tissue damage [29] . In our model, heightened inflammatory cells infiltration along with the increased pro-inflammatory cytokines in the lungs of aged mice after A. baumannii infection might induce lung injury rather than clear bacteria. Taken together, the higher mortality of aged mice is probably a result of unbalance between host defense and excessive inflammatory response. However, why aging leads to the decreased bactericidal potential of inflammatory cells needs further study. So, our model provides a good model to study the underlining mechanisms of age-related changes in the immune system to A. baumannii infection, which could help us to design effective strategies to prevent and treatment this infection in the elderly.
It has been suggested that aging might affect the efficacies of drug and vaccine in other infections [30, 31] . However, very few experiments have specifically evaluated drug or vaccine efficacies for the elderly due to the lack of appropriate aged animal models.
Reproducing the clinical features after A. baumannii infection in aged mice provides an animal model to investigate the efficacies of drug and vaccine for the elderly. We found the effectiveness of antibiotic therapy against A. baumannii is obviously reduced in aged mice. The similar phenomenon is also seen in the antibiotic treatment in aged sepsis model, which showed decreased therapeutic effect of antibiotics in aged mice [32] . So, it's unreasonable to treat the elderly with the dosage for the young and drug dosage specific for the elderly should be evaluated in suitable models.
Infections of A. baumannii are becoming extremely difficult to treat, since this bacterium displays multidrug-resistant or extensively drug-resistant. New antibiotics which are effective against MDR A. baumannii will not be available in the very near future, thus vaccination seems to be an optimal way to prevent its infection. Aged people have been suggested to be the main candidates for a future A. baumannii vaccine [33] . However, decreased protective effects of vaccines against seasonal influenza, varicella zoster virus, and Streptococcus pneumonia have been seen in the elderly [34, 35] . The vaccine of ffLAC-4, a whole cell inactivated by formalin, is supposed to be a strong vaccine candidate and was 100% protective in A. baumannii-infected young mice (Figure 8 ). But vaccination with ffLAC-4 in aged mice showed no protection against A. baumannii-infection (Figure 8 ). These results suggest that the vaccine tested effective in young and adult might not exhibit same efficacy in the elderly. Currently, there is no vaccine against A. baumannii in the market or in clinical trials. Since aging AGING is an important factor for A. baumannii infection, we should take aging into account when designing the vaccines against A. baumannii. Efforts to enhance immune response in the elderly would be important and clinically relevant. Several strategies have been suggested to improve the efficacy of vaccines against influenza and pneumococcal disease in the elderly, such as using stronger adjuvants, high-dose antigen, different immunization routes, or more shots [35, 36] . These approaches might be good clues for A. baumannii vaccine development targeting the elderly. We also found that higher immunization dose and repeated immunization could protect aged mice from lethal dose of A. baumannii infection (data not shown). So, the suitable animal models for developing and testing novel vaccines for the elderly is crucial. The aged mice model developed here provides a suitable model to evaluate the efficacy of vaccine against A. baumannii in the elderly.
In conclusion, our results indicate aged mice are more susceptible to A. baumannii infection due to the increased inflammatory responses and impaired bactericidal function of inflammatory cells. We also applied this model to study the efficacies of antibiotics and vaccine against A. baumannii infection and found that the efficacies of them are both reduced in aged mice. Our study provides a novel A. baumannii-infected aged mice model for investigating the mechanisms by which aging affects the outcome of A. baumannii infection. More importantly, the aged mouse model of A. baumannii pneumonia is also a useful model to evaluate the efficacies of antibiotics and vaccines for the elderly.
MATERIALS AND METHODS
Mice
Young (6-8 weeks) and aged (18-21 months) female C57BL/6 mice were purchased from the Animal Center of Chongqing Medical University. The mice were kept under pathogen-free conditions. All procedures were approved by the Animal Ethical and Experimental Committee of the Amy Medical University.
Pneumonia model and samples collection
A clinical A. baumannii strain LAC-4 was kindly provided by Professor Chen [37] . The bacteria were grown in tryptone soy broth at 37 ℃. At mid-log-phase, bacteria were collected and suspended in phosphate buffer saline (PBS). Mice were anaesthetized by intraperitoneal injection of pentobarbital sodium (62.5 mg/kg of body weight) and then infected with LAC-4 in 20 μl PBS by non-invasive intratracheal inoculation under direct vision adapted as previously described [38] . The infection dose was confirmed by plating 10-fold serial dilutions on tryptone soy agar (TSA) and counting bacteria colony-forming unit (CFU). The survival rate and clinical score of mice were monitored daily for 7 days (n = 10). The clinical scores were recorded as described previously [37] : 0, normal clinical signs; -1, slightly ruffled fur but active; -2, ruffled fur, slow movement, and sick; -3, ruffled fur, hunched posture, squeezed eyes, and very sick; -4, moribund; -5, dead. At designated time, groups of five mice were sacrificed and bacterial burdens in the lung, blood, and spleen were determined. Serum was separated from blood samples and stored at -80 ℃. Excised lungs were used for histopathology. Collection of BALF was performed by flushing of the lungs with 0.5 ml cold PBS for 3 times. The supernatant of BALF was obtained and stored at -80 ℃. BALF cells were analyzed by flow cytometry.
Quantitative bacteriology and histopathology
Lungs and spleens were homogenized in sterile PBS. Bacteria from organ homogenates or blood were determined by 10-fold serial dilutions and were cultured on TSA plates. CFUs were counted 18 h thereafter and results were expressed as log 10 CFU per organ or per milliliter blood. For histopathology, excised lungs were fixed immediately in 4% formalin and embedded in paraffin. Sections were cut in 5 μm thick, stained with hematoxylin-eosin and observed by a light microscope.
Cytokine and protein analysis
TNF-α, IL-1β, and IL-6 concentrations in serum and BALF were detected using ELISA kits (mouse TNF-α ELISA max standard set, mouse IL-1β ELISA max standard set, and mouse IL-6 ELISA max standard set, Biolegend). Serum albumin in BALF was assessed by mouse albumin ELISA quantitation set (Bethyl Laboratories). MPO levels in lung homogenates were quantified by mouse myeloperoxidase duoset ELISA Kit (R&D Systems). ELISAs were performed following the manufacturer's instructions.
Quantitative real-time PCR
Total RNA of lungs was isolated by RNA iso Plus (Takara) and reverse transcribed with PrimeScript ™ RT reagent Kit (Takara). Gene expression was detected using SYBR green Premix (Takara) with specific primers on CFX96 real-time PCR detection machine (Bio-Rad). The primer sequences used were as follows: TNF-α forward primer: 5′-CCTATGTCTCAGCCTCTT CTCAT-3′, and reverse primer: 5′-CACTTGGTGGTTT AGING GCTACGA-3′; IL-1β forward primer: 5′-GGACCCC AAAAGATGAAGGGCTGC-3′, and reverse primer: 5′-GCTCTTGTTGATGTGCTGCTGCG-3′; IL-6 forward primer: 5′-CCTCTCTGCAAGAGACTTCC-3′, and reverse primer: 5′-CTCCGGACTTGTGAAGTAGG-3′; CXCL2 forward primer: 5′-AGGGCGGTCAAAAAG TTTGC-3′, and reverse primer: 5′-CAGGTACGATCC AGGCTTCC-3′; CXCL5 forward primer: 5′-TGGCA TTTCTGTTGCTGTTC-3′, and reverse primer: 5′-CACCTCCAAATTAGCGATCAA-3′; CCL2 forward primer: 5′-TTAAAAACCTGGATCGGAACCAA-3′, and reverse primer: 5′-GCATTAGCTTCAGATTTA CGGGT-3′; CCL7 forward primer: 5′-CCACCATG AGGATCTCTGC-3′, and reverse primer: 5′-TTGACA TAGCAGCATGTGGAT-3′; β-actin forward primer: 5′-GGCTGTATTCCCCTCCATCG-3′, and reverse primer: 5′-CCAGTTGGTAACAATGCCATGT-3′. The ΔΔCt method was used to calculate the relative gene expression with β-actin as the housekeep-gene. The results were expressed as relative fold changes compared to non-infected mice.
Flow cytometric analysis
Cell suspensions from BALF were blocked with rat serum for 15 min. Cells were then stained with 50 μl cocktail of fluorophore-conjugated antibodies in the dark at 4 °C for 30 min. The monoclonal antibodies were as follows: CD45-PE/Cy7 (30-F11), CD11b-PerCP/Cy5.5 (M1/70), CD11c-APC (N418), Ly6G-FITC (1A8) (Biolegend). Labeled cells were analyzed on a BD FACSCanto™ II flow cytometer (BD Biosciences). The cell populations in BALF were identified as described previously [39] 
CD11c
+ Ly6G − cells were considered to be macrophages.
Intracellular ROS assay
Groups of four or five mice were infected intratracheally with A. baumannii and BALF cells were collected at 24 hpi. The isolated cells were resuspended in prewarmed hank's balanced salt solution (HBSS) containing 1 μM carboxy-H 2 DCFDA (Invitrogen) for 30 min at 37 °C, 5% CO 2 . For a negative control, cells were incubated with HBSS only. The reaction was stopped by moving the cells onto ice. Cells were stained for CD11b and Ly6G and analyzed by flow cytometry.
Antibiotic treatment
Groups of five young and aged mice were intratracheally infected with 1.5×10 7 CFU of LAC-4
and treated with imipenem /cilastatin ((20mg/20mg)/kg of body weight/day, twice a day, i.p.) or saline starting 3 h after inoculation for 3 days. Survival rate and clinical score of mice were observed for daily 7 days.
Vaccination
The ffLAC-4 prepared as described was used as a vaccine [37] . Groups of five young and aged mice were intramuscularly immunized with 1×10 7 CFU of ffLAC-4 in 250 μl PBS or PBS only at day 0. At day 7, the mice were intratracheally challenged with 1.5×10 7 CFU of LAC-4 in 20 μl PBS. Survival rate and clinical score of mice were observed daily for 7 days.
Statistical analysis
Statistical analysis was performed using the GraphPad Prism version 6.0. Survival curves were analyzed by log-rank tests. In all other studies, differences between young and aged groups were analyzed by Student's t test. Values are expressed as mean ± SEM. A p value of less than 0.05 was considered statistically significant. 
